Two cytoplasraic superoxide dismutase (SOD-1) mRNAs of about 0.7 and 0.9 kilobases (Kb.) were previously found in a variety of human cells. The two SOD-1 mRNAs are transcribed from the same gene and the major 0.7 Kb. species is approximately four times more abundant than the minor 0.9 Kb. mRNA. These two mRNAs differ 1n the length of their 3'-untranslated region and both have multiple 5'-ends. The longer transcript contains 222 additional nucleotides beyond the 3'-polyadenylated terminus of the short mRNA. Si nuclease mapping and sequence analysis showed that these extra 222 nucleotides are specified by sequences contiguous to those shared by the two SOD-1 mRNAs. The 5'-termini of the two SOD-1 mRNAs were identified and mapped by both primer extension and Si mapping. The majority of SOD-1 mRNA molecules (90-951) have a 5'-start site located 23 base pairs (b.p.) downstream of the hexanucleotide -TATAAA-. The rest of the SOD-1 mRNA molecules have 5'-termini 30, 50 and 65 b.p. upstream from the major start region.
INTRODUCTION
Eukaryotic cells possess the enzyme cytoplasmic superoxide dismutase (SOD; EC 1.15.1.1.) which catalyzes the oxidation-reduction reaction 0£~+0£+2H^-+ 2^2 +^2 anc ' ^u s P rovic ' es a defense against oxygen toxidty (for reviews see 1,2,3). The human Cu/Zn SOD-1 1s a dimeric protein (M-32,000) composed of identical noncovalently linked subunits (4) of known amino add sequence (5, 6) . The gene locus for human SOD-1 was localized at the distal portion of the long-arm of chromosome 21 in the segment 21q22 (7, 8) . This chromosomal region represents less than 0.12 of the human genome. Nevertheless,whenever it is present 1n triplicate 1t causes all the clinical symptoms of Down' s syndrome (D.S.) (9) (10) (11) (12) . Although the relationship of trisomy 21 to Down's syndrome has been known for 25 years (13) there is no effective treatment and very little is known about the way in which the additional chromosomal segment (21q22) causes the disease. It is generally assumed that the extra 21q22 segment codes for normal products and that the abnormalities found in D.S. are produced by an excess of some of those products. Indeed, D.S.
patients show an increase of about 50$ in SOD-1 activity, due to higher levels of SOD-1 protein (14, 15, 16, 17) . Moreover.it was suggested that the overproduction of SOD-1 may be Involved in some of the clinical symptoms of Down's syndrome (18) . Therefore characterization of the mRNA transcripts made from the SOD-1 gene and quantitative measurements of its expression in cells from Down's syndrome patients should contribute to our understanding of this genetic disease. A cDNA clone of the human SOD-1 was previously constructed (19) and used to identify the SOD-1 mRNAs. When poly(A)-containing RNA from various cells was analyzed it was found that SOD-1 cDNA probes hybridized to two species of mRNA differing in size by ^00 nucleotides (20) . Here we report that the two SOD-1 mRNAs differ in the lengths of their 3'-untranslated region and that both of them possess multiple 5' termini. The 5' and 3' termini were mapped on the genome and a DNA probe for rapid and sensitive determination of the SOD-1 mRNAs by S, assay was defined.
MATERIALS AND METHODS Preparation of poly(A)-containing RNA and blot hybridization
RNA from SV80 cells -a continuous line of Simian virus 40-transformed human fibroblasts (21) and FS11 -human foreskin diploid fibroblasts (22) was prepared as previously described (23) . RNA from human placenta was prepared by a modification of the procedure described by Soreq et al., (24) . Blotting of RNA from formaldehyde gels into nitrocellulose filters was described before (20) . Hu & Messing (25) .
DNA Sequence Analysis
The nucleotide sequence was determined by using both the chemical method (26) and the M13 phage dideoxynucleotide technique (27, 28) . The resulting fragments were resolved on 0.2 mm thin 6%, 8% and 15* acrylam1de/8M urea gels. Determination of SOD-1 mRNAs Length Differences by Ribonuclease H Sixty jig of poly(A) + RNA from SV80 cells were copreci pita ted with 120 ng of the 170 b.p. DNA fragment and 20 \>q of carrier tRNA. The DNA was a HinflHinfl fragment of the SOD-1 cDNA clone pS61-10 (19). The precipitate was suspended in 30 pi of 40 mM pipes (pH 6.5) 400 mM NaCl, 1 mM EDTA 80S formamide, denatured 10 m1n at 70°C and annealed for 2.5 hrs at 47°C. After hybridization 10 yg of o!1go(dT)(PL. Biochem) were added and the mixture was precipitated with ethanol. The dried precipitate was suspended 1n 200 pi of 20 mM Tris-HCl (pH7.5) 10 mM MgCl 2 , 100 mM KC1, 0.1 mM DTT, 0.1 mM EDTA, 7 U E.coli ribonuclease-H (BRL) and incubated at 37°C for 40 min. Ten yg/ml DNase (RNase free) were then added and incubation proceeded at 37°C for 30 min. The mixture was extracted with phenol-chloroform and precipitated by ethanol.
RNase-H resistant RNA fragments were divided into two samples fractionated on 1.5? agarose formaldehyde gel and transferred to nitrocellulose filters. Si Mapping S-j mapping was carried out by the method of Berk & Sharp (29) as modified by Heaver & weissmann (30) . Restriction fragments were labeled at their 5'-de-32 phosphorylated end by polynucleotide kinase and [y-]-ATP (>5000 Ci/mmol) or at their 3' end using avian myeloblastosis reverse transcriptase (Life HC1 extracted with phenol, precipitated with ethanol and analyzed on 6% or 8% aery1 amide gels.
RESULTS

The Two Size Classes of Human SOD-1 mRNAs Differ in the Length of Their 3'-untranslated Regions
In our previous studies of SOD-1 mRNA expression in various human cells two species of raRNA, differing 1n size by -v200 nucleotides, were detected. The two RNAs were found In poly(A)-conta1n1ng polysomal RNA and were translated in vitro into the same SOD-1 polypeptide (20) . We therefore concluded that they are both functional messengers which differ in their untranslated region.
To determine whether the extra segment is localized at the 5' or 3 1 end of the molecule we have used the procedure of RNase H digestion previously applied to mouse a-araylase mRNA (32) . A 170 b.p. Hinfl-Hinfl fragment from the middle part of the cDNA coding region was hybridized to poly(A) + RNA from SV80 cells ( Figure 1 ). The hybrids were treated with ribonuclease-H which specifically digests the RNA moiety within DNA-RNA hybrids (33, 34) . The RNase H treatment was performed in the presence of oligo(dT) so that the poly(A)-tails were also digested. The resulting 3 1 and 5 1 RNA fragments were separated by gel electrophoresis, transferred to nitrocellulose and identified by hybridization. As probes, we have used 3 long which extends 222 nucleotides further downstream. From these results it was also evident that the DNA fragment used for hybridization and S^ mapping was colinear with both species of SOD-1 mRNA, and that the extra 222 nucleotides were specified by sequences contiguous to those shared by the two mRNAs. slated regions longer by 30, 50, and 65 nucleotides. To verify the identity of the extended product the labeled 140 b.p. fragment ( Figure 4B ) was recovered from the gel and sequenced. More than 40 nucleotides upstream of the ATG were read (Figure 4, bottom) . When compared to the sequence of the genomic fragment it was found to be identical ( Figure 5 ). The 5'-ends of the SOD-1 mRNA were further defined by S-) protection experiments. Two probes were prepared from the StuI-EcoRI genomic fragment spanning exon #1 and the 5'-flanking sequences (Figure 2, bottom) . First, a 405 b.p. Taql-Rsal fragment encompassing the start points of the SOD-1 mRNA (as deduced from the primer extension experiments) was 5'-end labeled at the TaqI site and hybridized with poly(A)-containing RNA from human placenta ( Figure 6 ). After S-j nuclease digestion and electrophoresis in a denaturing gel one major band and three minor bands were obtained ( Figure 6 ). The two more upper ones in Fig.6A become visible only after longer exposure. The major protected band was 138 nucleotides long, implying RNA species with 5'-ends 75 nucleotides upstream from the ATG while the longer DNA fragments imply protection by RNA species originating upstream from the main 5'-start site. These results were consistent with the primer extension experiments described above. To further substantiate the presence of multiple 5'-termini of SOD-1 mRNAs a second Sp robe, the 356 b.p. Avall-Rsal fragment was used ( Figure 68 ). Three different preparations of poly(A)-containing RNA gave identical patterns of protected fragments ( Figure 6B ): a main (90-95%) very broad band with a size of about 57 b.p. and 3 minor higher bands of 86, 105 and 120 b.p. The 5'-terminal heterogeneity is common to both the 0.7 Kb. and 0.9 Kb. species of SOD-1 mRNA as Indicated by the pattern of protected fragments obtained with mRNA species separated by sucrose gradient centrifugation ( Figure 6B, lanes  b S c) . To determine the precise location of the 5'-termini of the SOD-1 transcripts the products of S-| protection experiments similar to those described in Figure 6B were examined by electrophoresis in a sequencing gel and compared with an adjacent sequence ladder orginating from the same DNA fragment ( Figure 7 ). The pattern was very similar to that of Figure 6 ; three larger bands of lower intensity and a smaller major fragment now migrating as a group composed of 10-15 nucleotides (Figure 7, lanes b & h) . Within the protected fragment (waved line in Figure 7 ) the 3 prominent bands corresponded to G residues at position 1, -2 and -7 of the SOD-1 gene (see Figure 5) . The match was done by moving the mRNA start points lij nucleotides relative to the sequencing ladder to account for the migration diference of products generated by the chemical sequencing method (26) . This is because the mobility of the 3'-0H-terminated S-| fragment is slightly slower than that of their 3'-Pterminated counterparts produced by chemical cleavage (37) . apart. The first hexanucleotide -a classical AATAAA 1s fused to the coding region (#255 in Figure 3 ). Although the latter is the more proximal signal it is not utilized. The poly(A)-tail of the small SOD-1 mRNA is attached 95 nucleotides further downstream at position 356. This point is 16 nucleotides beyond the second less conventional ATTAAA hexanucleotide. It is interesting to note that the 67 b.p. fragment between the two polyadenylation signals is flanked by two 9 nudeotide direct repeats (-A-T-A-A-A-C-A-T-T). This may suggest that the 67 b.p. region is actually an insert which by integrating into this region created the second polyadenylation signal at position 335 (Figure 3) . In any event, it is clear that 1n the case of the small SOD-1 mRNA the variant (ATTAAA) and the more downstream signal is utilized as a recognition site for cleavage and polyadenylation. A similar situation occurs with the larger species of SOD-1 mRNA. The second group of processing/polyadenylation signals contain three tandem hexanucleotides ATTAAA, AATAAA and ATTAAA at positions 511, 550 and 584, respectively. From those the middle one specifies the 3'-end of the longer SOD-1 transcript. Whether the two SOD-1 mRNAs are produced by selective cleavage of the same primary transcript or whether transcription termination of the small mRNA occurs before the second group of processing signals, is still an open question. A generation of multiple mRNAs from a single gene has been previously reported. It was first found 1n the Iate-Ad2 mRNAs (38;39) but since then many other cases where multiple transcripts are produced from a single gene have been reported (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) . Although the phenomena is wide-spread in most of the cases the physiological significance is totally unclear, mainly because the biological function of the 3 1 and 5'-untranslated regions 1s unknown. In the case of human SOD-1 mRNAs, the ratio of the two species appears to be very similar in many different cells and tissues Including monosomy-21 cells and cells from patients with Down's syndrome (20, and unpublished data). The 5'-ends of SOD-1 mRNAs
The 5'-termini of SOD-1 mRNAs were mapped on the genomic DNA by a combination of primer extension and S-| nuclease protection experiments. As judged by the relative Intensity of the Si-resistant bands, transcription of 90-951 of SOD-1 mRNA appears to start around position +1, whereas, the rest of the mRNA molecules had termini further upstream at positions -30, -50, and -65 of the genomic DNA ( Figure 5 ). The length heterogeneity at the 5'-end was observed 1n both cytoplasmic and nuclear poly(A)-conta1n1ng RNA and it appeared to be Independent from the selection of the 3' polyadenylation site since both the 0.7 and 0.9 Kb. mRNA species had multiple 5'-termin1. As discussed above, there is good evidence that all the SOD-1 transcripts are derived from the same gene; therefore, the additional minor 5'-ends must result either from multiple transcription initiation sites or from cleavage of a longer precursor. Since the 5'-cap structures of SOO-1 mRNAs were not analysed we can not distinguish between these two possibilities. At 23 nucleotides upstream from the major 5'-end (designated #1, Figure 5 ) there is the hexanucleotide TATAAA ("Goldberg-Hogness" box) found in many eukaryotic type II genes 20-30 b.p. upstream from the mRNAs 5 1 -start (reviewed in 54). On the other hand, a similar TATA box sequence is not present at the DNA region upstream from the minor 5'-termin1. This provides an additional example for a TATA-less transcription start (see below). Multiple 5'-ends were first observed 1n polyoma and SV40 late mRNAs (55;56;23;57) , as well as 1n Ad-2 early mRNAs (58;59). It was also shown that the multiple 5'-caps represent initiation points of RNA polymerase II (60) (61) (62) (63) . More recently, heterogeneity at the 5'-end of cellular mRNA has also been reported (42;46;63-68) . In all these cases (except mouse a-amylase,65) the biological significance of the 5'-term1nal heterogeneity 1s not yet understood. It may be that generations of multiple 5'-terminal is an Intrinsic feature of RNA polymerase II transcription mechanism. In this context we have previously suggested (23) that a repertoire of Initiation points that generate transcripts differing only in length of the 5'-untranslated region might render the synthesis of raRNA less vulnerable to mutation in promoter sites.
